I. INTRODUCTION
Every stored-program computer requires non-volatile memory to save the initial program that runs when the computer is turned on or otherwise begins execution. The memory used for this purpose is not necessarily rewritable, so read-only memory (ROM) can be used for saving the initial program. Usually it is cost effective to use ROM rather than random access memory (RAM), so many computers employ ROM to store the initial program. Meanwhile, much effort has been made to overcome the speed limitations of electronic circuits by constructing circuits all-optically. All of the all-optical Boolean logic gates have been demonstrated [1] [2] [3] [4] [5] by means of cross gain modulation (XGM), and XGM-based logic gates have attracted attention for their simple structures compared with cross phase modulation (XPM)-based logic gates, although the speed and the extinction ratio are somewhat worse for XGM-based logic gates than for XPM-based logic gates. However, all-optical ROM has not been demonstrated yet even with other kinds of mechanisms including XPM due to the complexity and immature technology of all-optical circuit elements. Thus, study of the all-optical ROM is worthwhile because of its potential to overcome the speed limitations of electronic circuits.
In this research, we construct all-optical ROM where four characters are stored in the American standard code for information interchange (ASCII) format utilizing an all-optical 2-to-4 line decoder. First, experimental demonstrations of the Boolean operations that are required to construct an all-optical 2-to4 line decoder are carried out, and then an all-optical ROM employing this decoder is demonstrated using a numerical assessment.
II. THEORY
The all-optical ROM that we would like to demonstrate is the ROM where four characters are stored in a form of ASCII code, so we stored the word KIST in the ' ' ROM as shown in Figure 1 . (The word KIST is just ' ' an example for the demonstration of this system, so this word can be changed by using other characters that can be formed by changing some of the connections and this will be illustrated later.) The ASCII code table for each of the characters in KIST is shown in Table 1 . When ' ' the inputs of the 2-bit address are applied to this ROM, the corresponding outputs of the 7-bit ASCII character come out.
In order to implement this function, we utilize the 2-to-4 line decoder that is common in digital electronics [6] . The function of the 2-to-4 line decoder is illustrated in Figure 2 with the truth An all-optical read only memory utilizing cross gain modulation in semiconductor optical amplifiers (SOAs) has been demonstrated for the first time to our knowledge. In our demonstration, an all-optical 2-to-4 line decoder constructed with SOAs has been employed for the construction of this all-optical read only memory. Storing four characters in an American standard code for information interchange (ASCII) format has been successfully carried out. Each character consisting of seven binary bits could be read out at a rate of 10 Giga characters per second. the most significant bit (MSB) and I 0 is the least significant bit (LSB), only the output port number that corresponds to the binary number indicates level-1 while the others indicate level-0. The method of constructing a ROM with a line decoder can be understood with the help of digital electronic theory and also can be seen with later illustrations of our construction. Figure 3 shows the final goal of our demonstration where the dots at the cross points mean that there is an optical signal summation of the decoder outputs. If we designate the MSB as Bit6 and the LSB as Bit0, each bit of the outputs can be written as shown in Equation (1) . It is worth noting that Bit6 can be implemented by nothing but a Clock signal, but we obtain it as Equation (1-a) to observe the signal degradation. Simple logical calculations show that these output bits from the ASCII word KIST in response to the four binary numbers at the ' ' inputs to the decoder.
To construct this function all-optically, we utilized the XGM process in SOAs. Boolean expressions of the outputs for the 2-to-4 line decoder can be written as Equation (2) and its all-optical implementations are shown in the Figure 4 . From Figure 4 , the logical operation principles can be understood by figuring out the roles of the pump and probe signals [1] [2] [3] [4] [5] . The RZ signal was assumed for our implementation because the XGM process for the RZ signal is generally faster than the NRZ signal according to [5] . This is because the guard time for the carrier recovery can be guaranteed. Furthermore, the RZ signal has the advantage of hiding the static 1 hazard compared to the NRZ signal [6] .
" "
III. RESULTS
The demonstration of the 2-to-4 line decoder was carried out with experiments for the specific input patterns making all of the possible one-zero combinations. In order to optimize the XGM process, attenuators and erbium doped fiber amplifiers (EDFAs) were used to adjust the pump and probe power levels. 10 Gbps RZ input patterns were applied to the 2-to-4 line decoder and the exact output patterns were obtained as shown in Figure 5 .
As it is difficult to make independent random input patterns of I 1 and I 2 and experimental demonstration is somewhat bulky, the operation of the all-optical ROM and the signal quality evaluations were carried out using a numerical assessment. In our numerical assessment, the propagation equation and the rate equation were adopted from reference [7] to create Equations (3) and (4) . To make faster calculations, the integral equation approach [8] was used for the static simulation by modifying Equation (3), so the equation takes the integral form as shown in Equation (5) . The SOA simulation parameters that correspond to Equations (3)-(5) are shown in Table 2 with the parameter names. For the time domain dynamic simulations, Equation (3) was expanded as a full propagation equation including the time dependence as shown in Equation (6) , and the transfer matrix method [9] was utilized with Equation (6) . Taking SOAs that have lengths of 300 m and driving μ currents of 300 mA, the XGM processes were optimized by adjusting the pump and probe power levels with the help of the static simulation results shown in Figure 6 . Pump power levels of 0 dBm to 10 dBm and probe power levels of -20 dBm to -10 dBm were assumed for the 0-level to 1-level in the analysis. Amplified spontaneous emission (ASE) noise was added to both the input signals and the clock signal, so all of the input signals have an OSNR of around 17 dB. Figure 7 shows the simulation results of the all-optical ROM. Decoder output signals from O 0 to O 3 agreed well with our previous experiment shown in Figure 5 . For each input address from 0 (I1 = 0, I0 = 0) to 3 (I1 = 1, I 0 = 1), the corresponding output ASCII code characters were achieved exactly from K to T as ex ' ' ' ' -pected. As can be seen in Figure 7 and Figure 8 , the zero level of the output bit was more floated as many decoder outputs were added. The signal quality was evaluated by calculating the eye diagram with a 2 
IV. CONCLUSION
We have demonstrated an all-optical ROM employing an all-optical 2-to-4 line decoder based on XGM in SOAs. Experimental demonstrations of the decoder output have been carried out and a numerical study for storing the four characters on the ROM has been done. Q factors of above 7 could be achieved with input signals having a 17 dB OSNR while running at 10 Gbps. *Corresponding author: slee@kist.re.kr
